Abstract: Changes in the flow regime of the Yangtze River were investigated using an efficient framework that combined the eco-flow metrics (ecosurplus and ecodeficit) and Indicators of Hydrologic Alteration (IHA) metrics. A distributed hydrological model was used to simulate the natural flow regime and quantitatively separate the impacts of reservoir operation and climate variation on flow regime changes. The results showed that the flow regime changed significantly between the pre-dam and post-dam periods in the main channel and major tributaries. Autumn streamflow significantly decreased in the main channel and in the tributaries of the upper Yangtze River, as a result of a precipitation decrease and reservoir water storage. The release of water from reservoirs to support flood regulation resulted in a significant increase in winter streamflow in the main channel and in the Minjiang, Wujiang, and Hanjiang tributaries. Reservoir operation and climate variation caused a significant reduction in low flow pulse duration in the middle reach of the Yangtze River. Reservoir operation also led to an increase in the frequency of low flow pulses, an increase in the frequency of flow variation and a decrease in the rate of rising flow in most of the tributaries. An earlier annual minimum flow date was detected in the middle and lower reaches of the Yangtze River due to reservoir operation. This study provides a methodology that can be implemented to assess flow regime changes caused by dam construction in other large catchments.
Introduction
Human activities, especially dam construction, can directly alter the natural flow regime in rivers, causing notable ecological effects [1, 2] . Water extraction for irrigation also causes flow regime alteration, especially in semi-arid and Mediterranean regions [3] [4] [5] . Additionally, variation in precipitation and rising air temperatures due to climate change contribute to changes in the flow regime [6] [7] [8] . River flow is a major driver of instream ecological health and changes in the flow regime can result in significant impacts on riverine ecological integrity and biodiversity [9, 10] . Therefore, assessing flow regime changes is a good measurement of the sustainability of river ecosystems and is important for the management of water resources.
Various hydrologic metrics have been used to measure flow regime changes. These metrics can be summarized into two different types: static hydrologic metrics, which are broadly used, and metrics that include dynamics or temporal sequencing, which have received increasing attention in recent years. Static hydrologic metrics are summary indicators that describe aspects of the flow series believed to be linked to ecological state responses. Metrics that include dynamics or temporal sequencing often rely on flow events at a specific point in time, which affect temporal processes in Figure 1 . Study area, and locations of hydrological gauges, meteorological stations, and major reservoirs. The observed daily river discharge data from 12 hydrological gauges along the main channel and major tributaries ( Figure 1 and Table 2 ) were provided by the Hydrological Data Center of the The observed daily river discharge data from 12 hydrological gauges along the main channel and major tributaries ( Figure 1 and Table 2 ) were provided by the Hydrological Data Center of the Ministry of Water Resources in China. These data were selected to estimate changes in the flow regime because the length of observations at the selected gauges is more than 54 years and because there is at least one large reservoir located in the upstream of each gauge. There are four gauges on the main channel, namely, Pingshan, Yichang, Hankou, and Datong. The area upstream of the Pingshan gauge is also called the Jinshajiang River, and the area upstream of the Yichang gauge is the upper Yangtze River (Figure 1 ). There are three gauges located at the outlets of tributaries entering the upper Yangtze River: Gaochang, Wulong, and Beibei. There are five gauges on tributaries in the middle and lower Yangtze River, namely, Xiangtan, Taoyuan, Taojiang, Huangjiagang and Waizhou ( Figure 1 and Table 2 ). The observed daily precipitation data from 1961 to 2014 were obtained from 143 meteorological stations (Figure 1 ) from the China Meteorological Administration [39] . The areal averaged precipitation in the drainage basin of each gauge was calculated using the inverse distance method. 1955-2014 1955-1989 1961-1989 1990-2014 The data used to drive the hydrological model include the atmospheric forcing, land use, soil type, digital elevation model (DEM), and normalized difference vegetation index (NDVI) data. The atmospheric forcing data including daily precipitation, temperature, sunshine hour, wind speed, and relative humidity were provided by the China Meteorological Administration [39] . The DEM data ( Figure S1 in the Supplemental Material), with a 90-m spatial resolution, were obtained from the Shuttle Radar Topography Mission (SRTM) dataset [40] . The land use data used in this study were obtained from The Resources and Environment Data Center of the Chinese Academy of Sciences and have a 100 m spatial resolution. The land use data were regrouped into nine categories, including water bodies, urban areas, bare land, forest, cropland, grassland, shrub, wetland, and glacier ( Figure S1 ). The soil type data were provided by the Food and Agriculture Organization (FAO) [41] . The GIMMS (Global Inventory Modelling and Mapping Studies) NDVI data were obtained from Tucker et al. [42] .
Methodology

Hydrological Metrics
The IHA metrics were proposed by Richter et al. [13] and comprise 33 parameters in five groups which are shown in Table 3 . In this study, a natural period is defined as the period from the year in which the observation started to the year after which the major reservoirs located upstream of the gauge began operating. In the natural period, streamflow is not affected by dam activities. The high flow pulse is defined as the period in which the daily streamflow is greater than the 75th percentile flow during the natural period. The low flow pulse is defined as the period in which the daily streamflow is less than the 25th percentile flow during the natural period. The baseflow index is defined as the seven-day minimum flow divided by the annual mean flow. The number of reversals is calculated by dividing the hydrological record into "rising" and "falling" periods, which correspond to periods when the daily flow changes are either positive or negative, respectively. The dates of the annual minimum and maximum flows are calculated using the Julian date. The eco-flow metrics are based on the FDC. The FDC provides a measurement of the time percentage during which a specific flow is equalized or exceeded. To construct an FDC, the observed daily flow data are organized in descending order and the flow Q i is plotted as a function of its corresponding exceedance probability p i . p i is calculated as follows:
where i is the rank corresponding to flow Q i and n is the total number of days. In the present study, both the annual and seasonal FDCs are estimated for each year to analyze the changes in the flow regime. The eco-flow metrics, including ecosurplus and ecodeficit, are calculated using the FDCs. For each gauge, the FDCs in the natural period are used to obtain the 75th percentile FDC and the 25th percentile FDC. Then, the 75th percentile FDC and the 25th percentile FDC are considered the upper and lower bounds of the adaptive range for riverine ecosystems, respectively. If the annual or seasonal FDC of a given year is located above the 75th percentile FDC, the area between the 75th percentile FDC and the annual or seasonal FDC is defined as ecosurplus [23] . Conversely, when the annual or seasonal FDC is below the 25th percentile FDC, the area between the 25th percentile FDC and the annual or seasonal FDC is defined as the ecodeficit (Figure 2) . The values of the ecosurplus and ecodeficit are divided by the annual mean or seasonal mean flow to make them dimensionless. Thus, this method makes the eco-flow metrics comparable across different gauges. The ecosurplus represents the amount of streamflow that exceeds the ecosystem requirement and the ecodeficit represents the amount of water lacking in the riverine ecosystem [23] . 
Introduction of the Hydrological Model
The geomorphology-based hydrological model (GBHM) [43, 44] was used to simulate the natural flow regime of the Yangtze River. The GBHM is a physically based distributed hydrological model for large catchments. A 10-km grid system was used to spatially discretize the whole Yangtze River Basin. A total of 137 sub-basins were identified in the study catchment. Each sub-basin was divided into several flow intervals along the main river channel. A sub-grid parameterization method was used to describe the sub-grid variabilities in topography, which represented a grid characterized by a number of hillslopes with averaged slope lengths and gradients. The hillslopes located within a grid were grouped according to the land use and soil type. Hillslopes represent a fundamental computational unit for hydrological simulation.
The hydrological processes simulated on the hillslopes include snowmelt, canopy interception, evapotranspiration, infiltration, surface runoff, subsurface flow, and the exchange between the groundwater and the river [43, 44] . The actual evapotranspiration was calculated from the potential evaporation by considering the seasonal variation in leaf area index (LAI), root distribution and soil moisture availability. The vertical water flow in soil layers was calculated using Richards' equation and solved by applying an implicit numerical solution scheme. The surface runoff flows through the hillslopes into the stream were calculated via the kinematic wave method. The groundwater aquifer was treated as an individual storage corresponding to each grid. The exchange between the groundwater and the river was considered a steady flow and was calculated according to Darcy's law [44, 45] . The runoff generated from the grid was the lateral inflow into the river at the corresponding flow interval. Flow routing in the river network was solved using the kinematic wave approach. A detailed description of the model can be found in Yang et al. [43, 44] , Gao [45] and Cong et al. [46] .
Separation of the Impact of Damming and Climate Variation
For each gauge, the data series was divided into two stages: a pre-dam period and a post-dam period. The pre-dam period was from 1961 to the year after which the major reservoirs located upstream of the gauge began operating (Table 2 ). In the pre-dam period, the streamflow was not affected by dam activities. The post-dam period was from the year in which the major reservoirs started operation to 2014 (Table 2) . Therefore, the streamflow in the post-dam period may be affected by dam activities. The model simulation represents the natural flow regime without consideration of reservoir operation. Therefore, the changes in the hydrological metric parameters 
Introduction of the Hydrological Model
Separation of the Impact of Damming and Climate Variation
For each gauge, the data series was divided into two stages: a pre-dam period and a post-dam period. The pre-dam period was from 1961 to the year after which the major reservoirs located upstream of the gauge began operating ( Table 2 ). In the pre-dam period, the streamflow was not affected by dam activities. The post-dam period was from the year in which the major reservoirs started operation to 2014 (Table 2) . Therefore, the streamflow in the post-dam period may be affected by dam activities. The model simulation represents the natural flow regime without consideration of reservoir operation. Therefore, the changes in the hydrological metric parameters caused by climate variation between the pre-dam and post-dam periods can be calculated as follows:
where ∆H climate is the change in the parameters caused by climate variation. H sim,post and H sim,pre are the mean values of the parameters of the hydrological metrics calculated by model simulation in the post-dam period and pre-dam period, respectively. The changes in the parameters between the pre-dam and post-dam periods caused by reservoir operation were calculated as follows:
where ∆H dam is the change in the parameters caused by reservoir operation and is defined as the difference between the observed change in the parameters (∆H obs ) and the change in the parameters caused by climate variation (∆H climate ). ∆H obs was calculated as follows:
where H obs,post and H obs,pre are the mean observed values of the parameters of the hydrologic metrics in the post-dam period and pre-dam period, respectively. The relative change in the parameters of the hydrological metrics caused by reservoir operation was calculated as follows:
The relative change in the parameters of the hydrological metrics caused by climate variation was calculated as follows:
The methodology used in this study is also shown in Figure 3 . 
where ∆Hdam is the change in the parameters caused by reservoir operation and is defined as the difference between the observed change in the parameters (∆Hobs) and the change in the parameters caused by climate variation (∆Hclimate). ∆Hobs was calculated as follows:
∆H obs = Hobs,post − Hobs,pre (4) where Hobs,post and Hobs,pre are the mean observed values of the parameters of the hydrologic metrics in the post-dam period and pre-dam period, respectively.
The relative change in the parameters of the hydrological metrics caused by reservoir operation was calculated as follows:
The relative change in the parameters of the hydrological metrics caused by climate variation was calculated as follows: The methodology used in this study is also shown in Figure 3 . Figure S2 in the Supplementary Materials demonstrates that the seven-day minimum flow shows significant correlations with the one-day, three-day, 30-day, and 90-day minimum flows and the baseflow index in group 2 of the IHA metrics. Additionally, the seven-day maximum flow shows significant correlations with the one-day, three-day, 30-day, and 90-day maximum flows. These results imply that the parameters in group 2 are highly inter-correlated and that there is a large degree of statistical redundancy. The seven-day maximum flow and seven-day minimum flow could be considered representative parameters of group 2 of the IHA metrics. The correlation coefficients between the eco-flow metrics and the IHA metrics are shown in Figure 4 . This figure shows that the parameters in group 1 (magnitude of monthly streamflow) of the IHA metrics showed significant correlations with seasonal ecosurplus or ecodeficit. The seven-day minimum flow highly correlated with the winter ecodeficit or ecosurplus, and the seven-day maximum flow showed a high correlation with the summer ecodeficit. These results illustrate that the eco-flow metrics can describe changes in the magnitude of the monthly flow and represent changes in the magnitude of the annual extreme flow (parameters in groups 1 and 2 of the IHA metrics). This is consistent with the findings of previous studies [23] . Figure S3 in the Supplemental Materials illustrates that the eco-flow metrics generally show weak correlations with the parameters in groups 3, 4, and 5 of the IHA metrics, although the summer ecosurplus and ecodeficit show high correlations with the rise and fall rates at most gauges. Therefore, in this study, the eco-flow metrics were used to replace the parameters of the first and second groups of the IHA metrics. The metrics used in this study are summarized into two groups ( Table 4 ). The metrics in the first group are the eco-flow metrics, including the annual and seasonal ecodeficit and ecosurplus; these metrics describe changes in the magnitude of the streamflow. The metrics in the second group are the same as the parameters of the third, fourth and fifth groups of the IHA metrics, and these metrics describe the frequency and duration of high and low flow pulses, the rate and frequency of streamflow changes and the timing of the annual extreme flow. This framework includes 19 parameters, which is less than the number of IHA metrics (i.e., 33 parameters). The definitions of the parameters of the second group (Table 4) are the same as those for the IHA metrics. The parameter number of zero flow days is not used in this study, because there are no zero flow days at any gauges in this study. The significance of the trends for all the parameters was examined using the Mann-Kendall non-parametric test [47] . The changes in the hydrological metrics between gauges with different locations were investigated to analyze the spatial changes in the flow regime. 
Results
Development of a Framework Combining the Eco-Flow Metrics and IHA Metrics
Changes in Hydrological Metrics
For most meteorological stations, precipitation observations have been available since 1961. Therefore, for each gauge, changes in the metrics during the period of 1961-2014 were examined together with the spatially averaged precipitation in the basin upstream of the gauge. Table 5 shows the linear trends of the parameters of the hydrologic metrics and the results of significance tests for the trends. Figure 5 shows the changes in the annual eco-flow metrics in the period from 2001 to 2014. The magnitude of eco-flow metrics at gauges located on the tributaries was commonly larger than that of the gauges located on the main channel. The magnitude of the eco-flow metrics at the 
For most meteorological stations, precipitation observations have been available since 1961. Therefore, for each gauge, changes in the metrics during the period of 1961-2014 were examined together with the spatially averaged precipitation in the basin upstream of the gauge. Table 5 shows the linear trends of the parameters of the hydrologic metrics and the results of significance tests for the trends. Figure 5 shows the changes in the annual eco-flow metrics in the period from 2001 to 2014. The magnitude of eco-flow metrics at gauges located on the tributaries was commonly larger than that of the gauges located on the main channel. The magnitude of the eco-flow metrics at the Yichang gauge was similar to those at the Hankou and Datong gauges, even after the TGR started operation in 2003, indicating that the TGR did not have a significant effect on annual streamflow in the main channel. Generally, the eco-flow metrics showed significant correlations with precipitation (evidenced by the correlation coefficients shown in Figure 5 ), indicating that changes in the annual ecosurplus and ecodeficit were consistent with the changes in annual precipitation. The annual ecosurplus showed decadal variations at the Pingshan, Yichang, Hankou, and Datong gauges along the main channel. The annual ecodeficit clearly increased after the year 2001 at the Yichang and Hankou gauges. The annual ecodeficit also showed significant increasing trends at the gauges located in the tributaries of the upper Yangtze River, particularly the Gaochang and Wulong gauges (Table 5) . These results indicated that the annual streamflow decreased significantly in the upper Yangtze River Basin. However, the annual ecodeficit showed no significant changes at the gauges located on the tributaries in the middle and lower Yangtze River Basin except for the Taoyuan gauge and Huangjiagang gauge, which showed a significant increasing trend ( Table 5 ). The annual ecosurplus showed a non-significant decreasing trend at the Xiangtan, Taoyuan, Taojiang, and Huangjiagang gauges, and this trend was generally consistent with changes in precipitation, as illustrated by the correlation coefficient shown in Figure 5 . ( Table 5 ). These results indicated that the annual streamflow decreased significantly in the upper Yangtze River Basin. However, the annual ecodeficit showed no significant changes at the gauges located on the tributaries in the middle and lower Yangtze River Basin except for the Taoyuan gauge and Huangjiagang gauge, which showed a significant increasing trend ( Table 5 ). The annual ecosurplus showed a non-significant decreasing trend at the Xiangtan, Taoyuan, Taojiang, and Huangjiagang gauges, and this trend was generally consistent with changes in precipitation, as illustrated by the correlation coefficient shown in Figure 5 . Figure 6 illustrates changes in the ecosurplus and ecodeficit in spring at all gauges. Similar to the annual eco-flow metrics, the magnitudes of ecosurplus and ecodeficit in spring at gauges located Figure 6 illustrates changes in the ecosurplus and ecodeficit in spring at all gauges. Similar to the annual eco-flow metrics, the magnitudes of ecosurplus and ecodeficit in spring at gauges located on tributaries were generally larger than those on the main channel. For the Pingshan gauge, the spring ecosurplus increased significantly after 1999. This increase was related to the water release of the Ertan Reservoir. No significant changes in the spring ecosurplus and ecodeficit were found at the Yichang gauge before 2003, which was consistent with the changes in precipitation. However, the spring ecosurplus continued to increase after 2003, which is when the TGR started operation. For the Hankou and Datong gauges, the spring ecosurplus and ecodeficit showed no significant changes (Table 5) . These results indicate that the TGR had a limited effect on streamflow in the middle and lower reaches of the Yangtze River in spring. For the gauges located on the tributaries of the Yangtze River, the spring ecosurplus and ecodeficit showed significant correlation with precipitation ( Figure 6 ), indicating that changes in the spring ecosurplus and ecodeficit were generally consistent with changes in precipitation. The spring ecosurplus has clearly decreased and the ecodeficit has clearly increased since 1981 at the Wulong gauge and Taoyuan gauge (Table 5) , because of a decrease in precipitation. These results suggest that a decline in precipitation led to a significant decreasing trend in the streamflow in spring in the Wujiang River Basin and Yuanjiang River Basin.
River, the spring ecosurplus and ecodeficit showed significant correlation with precipitation ( Figure  6 Figure 7 shows the changes in the ecosurplus and ecodeficit in summer for all gauges. Generally, the ecosurplus and ecodeficit showed no significant changes at gauges located along the main channel (Table 5 ). For the gauges located on tributaries of the upper Yangtze River, a significant increase in the summer ecodeficit was observed starting in 2004 at the Gaochang gauge, Figure 7 shows the changes in the ecosurplus and ecodeficit in summer for all gauges. Generally, the ecosurplus and ecodeficit showed no significant changes at gauges located along the main channel (Table 5 ). For the gauges located on tributaries of the upper Yangtze River, a significant increase in the summer ecodeficit was observed starting in 2004 at the Gaochang gauge, which was not consistent with the changes in precipitation. This result may be related to the operation of the Zipingpu Reservoir which started in 2004, and the operation of the Pubugou Reservoir, which started in 2008. The summer ecodeficit also clearly increased at the Wulong gauge starting in 2004 because of the associated decrease in precipitation. For the gauges in the middle and lower reaches of the Yangtze River, in general, the summer ecosurplus and ecodeficit showed no evident changes (Table 5 ). The eco-flow metrics showed larger changes in autumn and winter than in summer and spring. Figure 8 illustrates the changes in the ecosurplus and ecodeficit in autumn. The autumn ecosurplus decreased at all gauges along the main channel, particularly after 2001. The autumn ecodeficit clearly increased at the Yichang, Hankou and Datong gauges (Table 5) , particularly after 2003, which is when the TGR started operation. This result illustrates that the autumn streamflow decreased significantly in the main channel of the Yangtze River. Significant increases in the ecodeficit were also found at all gauges located on the tributaries of the upper Yangtze River (Table 5 ). This result implies that the autumn streamflow significantly decreased in the tributaries of the upper Yangtze River Basin. As shown in Figure 8 , the streamflow at the Gaochang and Wulong gauges located on tributaries of the upper Yangtze River showed stronger decreasing trends than the trend of the precipitation anomaly (Figure 8e,f) . This result indicates that the decreased precipitation was not the only factor contributing to the decrease in streamflow; dam construction may be another reason. Generally, the autumn ecosurplus and ecodeficit showed no significant changes at most gauges located on the tributaries of the middle and lower Yangtze River Basin (Table 5 ). However, the Huangjiagang gauge and Taoyuan gauge have shown a significant increase in the autumn ecodeficit since 1981. Figure 9 shows the changes in the ecosurplus and ecodeficit in winter. The winter ecosurplus increased at all gauges along the main channel. Moreover, the winter ecosurplus has increased significantly at the Pingshan gauge since 1999, which is when the Ertan Reservoir began operating. The winter ecosurplus also increased abruptly at the Yichang and Hankou gauges after the TGR began operating at full capacity in 2006, despite the negative precipitation anomaly observed since 2006 (Figure 9b,c) . The winter ecosurplus significantly increased at the Gaochang, Wulong, and Beibei gauges, which are located on the tributaries of the upper Yangtze River Basin ( Table 5 ). The increase in the ecosurplus at the Gaochang gauge was not consistent with changes in precipitation (Figure 9e) , and a weak correlation between the winter ecosurplus and precipitation was observed (r = −0.14). This finding implies that the increase in winter streamflow in the Minjiang River may be related to reservoir operation. The winter ecosurplus and ecodeficit showed no significant changes at most gauges in the middle and lower Yangtze River Basin, with the exception of the Huangjiagang gauge, which showed a significant increasing trend for ecosurplus (Table 5) . Table 5 and Figure 10 present the changes in the parameters of the group 2 hydrological metrics at the gauges located on the main channel. The spatial changes in the parameters can be observed in Figure 9 . Number of reversals and the rise and fall rate of flow were larger at the Yichang gauge than at the Hankou and Datong gauges. This pattern may be because the topography in the upper Yangtze River Basin is much steeper than that in the middle and lower Yangtze River. Generally, the high and low pulse counts showed no significant changes during the period of 1961-2014, except at the Pingshan gauge, for which the low pulse count showed a significant increase (Figure 10a,c) . The low flow pulse durations decreased significantly at the gauges located along the main channel ( Table 5 ). The rise rate of flow was significantly reduced at the Yichang and Hankou gauges, but it showed no significant changes at the other gauges. The fall rate of flow showed no significant changes for all gauges along the main channel. A significant increase in the number of reversals was found at the Pingshan and Yichang gauges (Table 5) . A slight delay in the date of the annual maximum flow and a significant advance in the date of the annual minimum flow were found at the Yichang, Hankou and Datong gauges ( Figure 10 and Table 5 ). Table 5 and Figure 10 present the changes in the parameters of the group 2 hydrological metrics at the gauges located on the main channel. The spatial changes in the parameters can be observed in Figure 9 . Number of reversals and the rise and fall rate of flow were larger at the Yichang gauge than at the Hankou and Datong gauges. This pattern may be because the topography in the upper Yangtze River Basin is much steeper than that in the middle and lower Yangtze River. Generally, the high and low pulse counts showed no significant changes during the period of 1961-2014, except at the Pingshan gauge, for which the low pulse count showed a significant increase (Figure 10a,c) . The low flow pulse durations decreased significantly at the gauges located along the main channel ( Table 5 ). The rise rate of flow was significantly reduced at the Yichang and Hankou gauges, but it showed no significant changes at the other gauges. The fall rate of flow showed no significant changes for all gauges along the main channel. A significant increase in the number of reversals was found at the Pingshan and Yichang gauges (Table 5) . A slight delay in the date of the annual maximum flow and a significant advance in the date of the annual minimum flow were found at the Yichang, Hankou and Datong gauges ( Figure 10 and Table 5 ). Table 5 and Figure 11 show the changes in the parameters of the group 2 hydrological metrics at gauges located on the tributaries. A comparison of Figures 10 and 11 shows that there were generally more high and low pulse counts but shorter high and low pulse durations at the gauges located on the tributaries than at the gauges located on the main channel. This difference may be related to the differences in drainage area between gauges located on the main channel and those located on the tributaries. Figure 11 and Table 5 reveal that the high pulse count showed no significant changes during the period from 1961 to 2014, except at the Wulong gauge and Huangjiagang gauge, at which the counts have decreased significantly since 2001. The high pulse duration showed no significant changes at most gauges. Only the Gaochang gauge showed a significant decreasing trend, and the Huangjiagang gauge showed a significant increasing trend. The low pulse count commonly showed a significant increasing trend, except at the Waizhou gauge and Xiangtan gauge. In contrast, the low pulse duration commonly showed a significant decreasing trend (Table 5 ). However, the low pulse duration showed no significant changes at the Waizhou gauge, and a significant increasing trend was observed at the Beibei gauge. The rise rate of flow showed a significant decreasing trend at most gauges, except the Xiangtan gauge, Taojiang gauge, and Waizhou gauge, which showed no significant changes. The fall rate of flow showed no significant changes, except at the Huangjiagang gauge. The number of reversals showed a significant increasing trend for all gauges except the Waizhou gauge, which did not show significant changes. The date of the annual maximum flow showed no significant changes for all gauges. However, the date of the annual minimum flow significantly decreased at the Beibei, Xiangtan, Taojiang, and Waizhou gauges. Table 5 and Figure 11 show the changes in the parameters of the group 2 hydrological metrics at gauges located on the tributaries. A comparison of Figures 10 and 11 shows that there were generally more high and low pulse counts but shorter high and low pulse durations at the gauges located on the tributaries than at the gauges located on the main channel. This difference may be related to the differences in drainage area between gauges located on the main channel and those located on the tributaries. Figure 11 and Table 5 reveal that the high pulse count showed no significant changes during the period from 1961 to 2014, except at the Wulong gauge and Huangjiagang gauge, at which the counts have decreased significantly since 2001. The high pulse duration showed no significant changes at most gauges. Only the Gaochang gauge showed a significant decreasing trend, and the Huangjiagang gauge showed a significant increasing trend. The low pulse count commonly showed a significant increasing trend, except at the Waizhou gauge and Xiangtan gauge. In contrast, the low pulse duration commonly showed a significant decreasing trend (Table 5 ). However, the low pulse duration showed no significant changes at the Waizhou gauge, and a significant increasing trend was observed at the Beibei gauge. The rise rate of flow showed a significant decreasing trend at most gauges, except the Xiangtan gauge, Taojiang gauge, and Waizhou gauge, which showed no significant changes. The fall rate of flow showed no significant changes, except at the Huangjiagang gauge. The number of reversals showed a significant increasing trend for all gauges except the Waizhou gauge, which did not show significant changes. The date of the annual maximum flow showed no significant changes for all gauges. However, the date of the annual minimum flow significantly decreased at the Beibei, Xiangtan, Taojiang, and Waizhou gauges. 
Validation of the Hydrological Model
The period of 1961-1965 was used to calibrate the GBHM model and the following period of 1966-1970 was used for model validation. The major calibrated parameters included the surface water retention capacity and the roughness of the river channel. The model performance in simulation of the daily river discharge is shown in Figure S4 and Table S2 in the Supplemental Material. The model simulation agrees well with the observed discharge in both the calibration and validation periods ( Figure S4 ). The Nash-Sutcliffe efficiency (NSE) coefficient was larger than 0.7 for all gauges, except the Beibei and Huangjiagang gauge which had NSE values of 0.68 and 0.69 in the validation period, respectively (Table S2 ). The relative error (RE) was within 5% for all gauges, except for the Taojiang gauge which had an RE value of −7.3% in the validation period.
The model skill in simulating the hydrologic metrics was also validated. Figure 12 shows the correlation coefficient between the parameters of hydrologic metrics calculated by observation and model simulation. The model-simulated parameters showed high correlation with the observations and the REs were within 10% at most gauges. Therefore, the model effectively captured the changes in the hydrologic metrics at all the selected gauges. 
Impacts of Dams on Flow Regime
Based on the results described in Section 4.2, the winter ecosurplus, autumn ecodeficit, low pulse count, low pulse duration, number of reversals, rise rate, and date of annual minimum flow showed larger changes than the other parameters. Therefore, these parameters were selected to further investigate the impacts of dams on the flow regime. The changes in parameters based on the observed and model-simulated daily river discharge values were analyzed. Figure 13 illustrates the changes in the autumn ecodeficit between the pre-dam and post-dam 
Based on the results described in Section 4.2, the winter ecosurplus, autumn ecodeficit, low pulse count, low pulse duration, number of reversals, rise rate, and date of annual minimum flow showed larger changes than the other parameters. Therefore, these parameters were selected to further investigate the impacts of dams on the flow regime. The changes in parameters based on the observed and model-simulated daily river discharge values were analyzed. Figure 13 illustrates the changes in the autumn ecodeficit between the pre-dam and post-dam periods. As shown in the figure, the model-simulated autumn ecodeficit was close to the observations in the pre-dam period at the Yichang, Hankou, and Datong gauges. However, the model-simulated ecodeficit was lower than the observations in the post-dam period. These results illustrate that water storage in the TGR significantly reduced the autumn streamflow in the main channel of the middle and lower reaches of the Yangtze River. Similar changes were found at the Gaochang gauge located on a tributary of the upper Yangtze River. These results indicate that water storage of the reservoirs was one of the major causes of the decrease in the autumn streamflow in the Minjiang River in the upper Yangtze River Basin. For the gauges located on the tributaries of the middle and lower Yangtze River, the model-simulated parameters were close to the observations. Therefore, the changes in the autumn ecodeficit in the tributaries of the middle and lower Yangtze River were mainly caused by climate variation. storage of the reservoirs was one of the major causes of the decrease in the autumn streamflow in the Minjiang River in the upper Yangtze River Basin. For the gauges located on the tributaries of the middle and lower Yangtze River, the model-simulated parameters were close to the observations. Therefore, the changes in the autumn ecodeficit in the tributaries of the middle and lower Yangtze River were mainly caused by climate variation. Figure 14 illustrates the changes in the winter ecosurplus between the pre-dam and post-dam periods. In the pre-dam period, the model-simulated winter ecosurplus was close to the observations at the Pingshan, Yichang, Hankou, and Datong gauges. However, the observed winter ecosurplus was significantly larger than the model-simulated ecosurplus in the post-dam period. Therefore, the increase in the winter ecosurplus in the main channel was mainly caused by the release of water from the reservoirs. The Gaochang gauge and Wulong gauge located on the tributaries in the upper Yangtze River, also showed notable differences between the model simulation and the observations in the post-dam period. The model-simulated winter ecosurplus Figure 14 illustrates the changes in the winter ecosurplus between the pre-dam and post-dam periods. In the pre-dam period, the model-simulated winter ecosurplus was close to the observations at the Pingshan, Yichang, Hankou, and Datong gauges. However, the observed winter ecosurplus was significantly larger than the model-simulated ecosurplus in the post-dam period. Therefore, the increase in the winter ecosurplus in the main channel was mainly caused by the release of water from the reservoirs. The Gaochang gauge and Wulong gauge located on the tributaries in the upper Yangtze River, also showed notable differences between the model simulation and the observations in the post-dam period. The model-simulated winter ecosurplus was close to the observations in the post-dam period at the Taoyuan gauge and Waizhou gauge located on tributaries of the middle and lower Yangtze River, which implies that reservoir operation did not have a significant impact on the winter streamflow in the Yuanjiang and Ganjiang tributaries. Compared with the pre-dam period, the observed winter ecosurplus at the Huangjiagang gauge in the post-dam period showed a much larger increase than the model-simulated ecosurplus, indicating that reservoir operation was the major factor contributing to the increase in the winter streamflow in the Hanjiang River. For the Xiangtan gauge and Taojiang gauge, the observed winter ecosurplus was significantly larger than the model simulation during some of the −s in the post-dam period. This finding implies that the impact of reservoir operation on the winter streamflow cannot be ignored in the Xiangjiang River and the Zishui River. to the increase in the winter streamflow in the Hanjiang River. For the Xiangtan gauge and Taojiang gauge, the observed winter ecosurplus was significantly larger than the model simulation during some of the −s in the post-dam period. This finding implies that the impact of reservoir operation on the winter streamflow cannot be ignored in the Xiangjiang River and the Zishui River. The relative changes in low pulse count, low pulse duration, number of reversals, rise rate, and date of annual minimum flow caused by reservoir operation (calculated by Equation (5)) and climate variation (calculated by Equation (6)) are shown in Figures 15 and 16 , respectively. As shown in Figure 15 , compared with the pre-dam period, the increase in the low pulse count caused by reservoir operation in the post-dam period at the Pingshan gauge was approximately 60%, and the reduction in the low pulse duration caused by reservoir operation was more than 60%. These changes were much larger than those caused by climate variation, as shown in Figure 16 . At the Yichang gauge, the decrease in the low pulse count caused by reservoir operation was more than 20% and was close to the relative change caused by climate variation (Figure 16 ). Reservoir operation led to an approximately 40% decrease in the low pulse duration at the Yichang gauge in the post-dam period, which was larger than the changes caused by climate variation. This result was related to the water released from the TGR in winter and spring. The relative changes in the The relative changes in low pulse count, low pulse duration, number of reversals, rise rate, and date of annual minimum flow caused by reservoir operation (calculated by Equation (5)) and climate variation (calculated by Equation (6)) are shown in Figures 15 and 16 , respectively. As shown in Figure 15 , compared with the pre-dam period, the increase in the low pulse count caused by reservoir operation in the post-dam period at the Pingshan gauge was approximately 60%, and the reduction in the low pulse duration caused by reservoir operation was more than 60%. These changes were much larger than those caused by climate variation, as shown in Figure 16 . At the Yichang gauge, the decrease in the low pulse count caused by reservoir operation was more than 20% and was close to the relative change caused by climate variation (Figure 16 ). Reservoir operation led to an approximately 40% decrease in the low pulse duration at the Yichang gauge in the post-dam period, which was larger than the changes caused by climate variation. This result was related to the water released from the TGR in winter and spring. The relative changes in the number of reversals caused by reservoir operation were larger than 40% at the Pingshan and Yichang gauges, and the changes caused by climate variation were close to zero. For the Hankou gauge, the relative changes in the low pulse count caused by reservoir operation and climate variation were comparable in magnitude but different in direction. Thus, no significant change in the observed low pulse count was found for the Hankou gauge, as shown in Figure 10 . The changes in the low pulse duration and the number of reversals caused by reservoir operation were less than 10% at the Hankou gauge. However, a significant reduction in the low pulse duration caused by climate variation was detected (Figure 16 ), indicating that climate variation was one of the major reasons for the reduction of low pulse duration in the middle reach. Similar results were found at the Datong gauge. These results indicate that the TGR exerted a significant impact by increasing the frequency of low flow pulses but showed no significant effect on the low flow duration and the frequency of flow changes in the middle and lower reaches of the Yangtze River. For the gauges located on tributaries, significant increases in the low pulse count and the number of reversals but significant decreases in the low pulse duration caused by reservoir operation were found at most gauges, with relative changes of greater than 20%. These changes were much larger than those caused by climate variation as shown in Figure 16 , implying that reservoir operation was the primary factor contributing to the increase in the frequency of low flow, the decrease in the duration of low flow and the increase in the frequency of flow changes in most tributaries. gauge, the relative changes in the low pulse count caused by reservoir operation and climate variation were comparable in magnitude but different in direction. Thus, no significant change in the observed low pulse count was found for the Hankou gauge, as shown in Figure 10 . The changes in the low pulse duration and the number of reversals caused by reservoir operation were less than 10% at the Hankou gauge. However, a significant reduction in the low pulse duration caused by climate variation was detected (Figure 16 ), indicating that climate variation was one of the major reasons for the reduction of low pulse duration in the middle reach. Similar results were found at the Datong gauge. These results indicate that the TGR exerted a significant impact by increasing the frequency of low flow pulses but showed no significant effect on the low flow duration and the frequency of flow changes in the middle and lower reaches of the Yangtze River. For the gauges located on tributaries, significant increases in the low pulse count and the number of reversals but significant decreases in the low pulse duration caused by reservoir operation were found at most gauges, with relative changes of greater than 20%. These changes were much larger than those caused by climate variation as shown in Figure 16 , implying that reservoir operation was the primary factor contributing to the increase in the frequency of low flow, the decrease in the duration of low flow and the increase in the frequency of flow changes in most tributaries. The changes in the rise rate of flow and the date of the annual minimum flow caused by reservoir operation and climate variation are also shown in Figures 15 and 16 . It can be observed from the figure that changes in the rise rate of flow between the post-dam and pre-dam periods caused by reservoir operation were larger than 20% at the Yichang and Hankou gauges. The changes in the rise rate of flow caused by climate variation were close to zero. These results imply that the operation of the TGR was the major cause for the reduction in the rise rate of flow in the middle reaches of the Yangtze River. Figure 15 illustrates that a significant decrease in the rise rate of flow caused by reservoir operation was also found at gauges located on the tributaries of the upper Yangtze River and at the Taoyuan gauge and the Huangjiagang gauge on tributaries of the middle and lower Yangtze River. These changes were also much larger than the changes caused by climate variation as shown in Figure 16 . Reservoir operation also led to a significant decline in the date of the annual minimum flow at the Yichang, Hankou, and Datong gauges in the post-dam period (Figure 15 ), and climate variation had little effect on the changes in the date of the annual minimum flow (Figure 16 ). This result illustrates that the operation of the TGR led to an earlier occurrence of the annual minimum flow in the middle and lower reaches. Generally, reservoir operation dominated the changes in the date of the annual minimum flow in the tributaries of the upper Yangtze River, and climate variation showed a larger effect on the date of the annual minimum flow than reservoir operation in tributaries of the middle and lower Yangtze River.
Discussion
Possible Implications of Flow Regime Change for Aquatic Biota
A decrease in the autumn high flows in the main channel reduced the transport of sediment and organic resources and caused a decline in the habitat suitability for some fish species. A decrease in the autumn streamflow also reduced the water level and the areas of the Dongting Lake and the Poyang Lake though river-lake interactions, greatly affecting the ecosystem of the two lakes, including reductions in the habitats of many important fish and bird species.
An increase in the winter flow indicates an increase in the magnitude of low flows, which may create conditions that are unfavorable to native species and beneficial to other species. The timing of extreme flows is an important environmental cue for initiating life cycle transitions. An earlier The changes in the rise rate of flow and the date of the annual minimum flow caused by reservoir operation and climate variation are also shown in Figures 15 and 16 . It can be observed from the figure that changes in the rise rate of flow between the post-dam and pre-dam periods caused by reservoir operation were larger than 20% at the Yichang and Hankou gauges. The changes in the rise rate of flow caused by climate variation were close to zero. These results imply that the operation of the TGR was the major cause for the reduction in the rise rate of flow in the middle reaches of the Yangtze River. Figure 15 illustrates that a significant decrease in the rise rate of flow caused by reservoir operation was also found at gauges located on the tributaries of the upper Yangtze River and at the Taoyuan gauge and the Huangjiagang gauge on tributaries of the middle and lower Yangtze River. These changes were also much larger than the changes caused by climate variation as shown in Figure 16 . Reservoir operation also led to a significant decline in the date of the annual minimum flow at the Yichang, Hankou, and Datong gauges in the post-dam period (Figure 15 ), and climate variation had little effect on the changes in the date of the annual minimum flow (Figure 16 ). This result illustrates that the operation of the TGR led to an earlier occurrence of the annual minimum flow in the middle and lower reaches. Generally, reservoir operation dominated the changes in the date of the annual minimum flow in the tributaries of the upper Yangtze River, and climate variation showed a larger effect on the date of the annual minimum flow than reservoir operation in tributaries of the middle and lower Yangtze River.
Discussion
Possible Implications of Flow Regime Change for Aquatic Biota
An increase in the winter flow indicates an increase in the magnitude of low flows, which may create conditions that are unfavorable to native species and beneficial to other species. The timing of extreme flows is an important environmental cue for initiating life cycle transitions. An earlier occurrence of the annual minimum flow may affect the migration and spawning of some fish species.
An increase in the number of flow reversals and the low flow frequency may cause life cycle disruptions and a loss of some species that are sensitive to the frequency of flow variations. The reduction in the rise rate of flow greatly affected the spawning of some fish species, particularly in the middle and lower Yangtze River Basin.
The construction of dams continues on in the Yangtze River, particularly in the upper Yangtze River. For example, the Baihetan Reservoir and the Wudongde Reservoir, which are under construction on the Jinshajiang River, have capacities of 206 × 10 8 m 3 and 74 × 10 8 m 3 , respectively. Their construction will cause large changes in the flow regime of the Yangtze River. Future studies are needed to incorporate the consideration of changes in hydrological metrics into the operation rules of multiple reservoirs in the Yangtze River Basin.
Comparison of the Eco-Flow Metrics with the IHA Metrics
The magnitude of the monthly streamflow showed a significant correlation with ecosurplus or ecodeficit (or both) in the same season ( Figure 4) . Therefore, the eco-flow metrics could describe major changes in the parameters of group 1 of the IHA metrics with fewer parameters. The magnitudes of extreme flows with different durations showed significant inter-correlations indicating that there is information redundancy in the parameters of group 2 of the IHA metrics. The eco-flow metrics in summer and winter are significantly correlated with the parameters describing the magnitudes of high and low flows, respectively (Figure 4) . Therefore, the eco-flow metrics effectively capture the changes in the parameters of group 2 of the IHA metrics. These results show that the eco-flow metrics can describe changes in the magnitude of the monthly streamflow and extreme flow more effectively than the IHA metrics. However, the eco-flow metrics show weak correlation with parameters in the third, fourth and fifth groups of the IHA metrics ( Figure S3 in the Supplemental Materials). Only the summer ecosurplus and summer ecodeficit showed significant correlations with the rise rate and fall rate of flow at most gauges, meaning that the eco-flow metrics can capture characteristics of the rate of flow changes but are unable to describe other parameters related to the frequency and duration of extreme flows, the frequency of flow change and the timing of extreme flows. This pattern is probably because the eco-flow metrics are calculated by FDCs. FDCs are related to the probability of different magnitudes of flows and may lose information on the timing and duration of extreme flows.
Comparison with Recent Similar Studies
Talukdar and Pal [48] analyzed the impact of dams on flow regime changes in the Punarbhaba River Basin of Indo-Bangladesh using some of the parameters in IHA metrics and found that dam construction increased the low flow in the dry season and reduced the high flow in autumn. However, the impact of the dams was not separated quantitatively from the impact of climate in their study. They also found that the mean flow in summer and the annual maximum flow significantly decreased in the post-dam period. This finding is different from the results of the current study. The difference is because reservoirs in the Punarbhaba River Basin are mainly designed to supply water for irrigation, whereas reservoirs in the Yangtze River are mainly for hydropower generation. Pumo et al. [49] analyzed the impact of human activities on the flow regime in two Sicilian river basins in Italy, and the simple hydrological model Tri.Mo.Ti.S. (Trinacria model for Monthly Time-Series), was used to simulate the natural flow regime. However, a temporal coarse indicator at the monthly scale was used in their study and the detailed changes in the flow regime were not assessed with respect to daily-based methods such as the IHA metrics used in this study. In this study, detailed changes in the flow regime were examined using the IHA metrics and model-simulated daily river discharge data. Li et al. [50] investigated the flow regime changes in the Mekong River Basin using the eco-flow metrics and IHA metrics and found that reservoir operation reduced the streamflow in the wet season and increased the streamflow in the dry season. They found that reservoir operation also significantly reduced the low pulse duration and increased the number of reversals. These findings are similar to those of the current study. The impacts of dams and climate on the annual streamflow were separated in their study. However, they did not compare the eco-flow metrics with IHA metrics, and the impacts of dams and climate variation on the seasonal flow regime were not separated in their study. In this study, based on model simulation, the observed and model-simulated seasonal eco-flow metrics were compared. Therefore, the impact of dams and climate variation on the seasonal flow regime was quantitatively estimated. Yang et al. [8] analyzed the correlation between the eco-flow metrics and modified IHA metrics in a study on climate change induced shifts in the flow regime in the Upper Niger River. They found that the parameters of the IHA metrics showed significant self-correlations and that certain parameters could be removed without affecting the measurement of flow regime change. They also argued that the eco-flow metrics provided a robust and simpler representation of overall flow regime changes than the IHA metrics in the Upper Niger River. In this study, we performed a detailed correlation analysis between the eco-flow metrics and parameters in different groups of the IHA metrics.
Alfredsen [51] analyzed the effect of river ice on some parameters of the Cold-regions Hydrological Indicators of Change (CHIC) in three small catchments in middle Norway with drainage areas of 545, 655, and 2280 km 2 , respectively. The hydrological variability before and after flow regulation was analyzed using modified indicators considering the ice effect. Kuriqi et al. [52] assessed the flow-habitat relationship by the implementation of different e-flow methods in two sites located in the southern part of Portugal, and the results for the nature condition were compared with other different scenarios. Pragana et al. [53] investigated flow regime changes in the Carvalhosa River (a tributary of the Paiva River with drainage area of 47.7 km 2 ) under different reservoir operation scenarios and found that it was possible to reduce flow regime changes through alterations in hydropower plant operation. The River-2D model was applied to a hydrodynamic simulation in a 100-m long stream in their study. Kuriqi et al. [54] compared flow regime changes between different environmental flow methods using the IHA metrics in the Najerilla River, Ebro basin, Spain, which had a drainage area of 541 km 2 . These studies mainly focused on hydrological changes in small catchments, whereas this study analyzed hydrological changes in large catchments, revealing spatial variations in flow regime changes. Kuriqi et al. [52, 54] and Pragana et al. [53] mainly analyzed changes in the flow regime under different scenarios. This study focused on understanding and quantitatively evaluating the effects of reservoir operation and climate variation on historical flow regime changes. Alfredsen [51] mainly focused on the hydrological alterations influenced by river ice and found an increase in averaged rise rate of flow in winter due to the releases from the power plant. This study proposed a framework that can describe a wide array of changes in flow regime in large catchments and we found a decrease in averaged rise rate of low in the whole year due to the operation of large reservoirs for flood control. Kuriqi et al. [54] found that the magnitude of low flows revealed relative high degree of alteration than the magnitude of high flows. This study found that in addition to the magnitude of low flows, the magnitude of autumn flow, the low pulse count and duration, the rise rate of flow, the number of reversals and the date of annual minimum flow showed a relatively high degree of change.
Conclusions
Changes in the flow regime of the Yangtze River Basin are analyzed based on daily river discharge data recorded at 12 gauges. A framework that combined the eco-flow metrics and IHA metrics was established to explore the spatial and temporal changes in the flow regime in the main channel and major tributaries. The distributed hydrological model GBHM was used to simulate the natural flow regime and the impact of reservoir operation on flow regime changes was quantitatively estimated. The causes of the changes in the flow regime were analyzed and the ecological impacts of these changes were discussed. The major findings are as follows:
(1) Combining the eco-flow metrics with IHA metrics may yield an efficient framework that can provide good measurements of flow regime changes.
